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ABSTRACT

The emission spectrum of individual single crystalline ZnO nanowires shows three regimes characterized by distinct polarization properties
and spatial emission patterns along the length of the wire. In the visible range below 2.9 eV, emission is polarized along the long axis of the
wire, along the c-axis (E//c). In the second regime between 2.9 and 3.22 eV, Fabry-Pérot guided modes polarized perpendicular to the wire
(E_Lc) prevail. From their dispersion, it is clear that these modes signify strong coupling between the B-exciton and linearly polarized transverse
electric modes that are guided by the wire and trapped between the wire end facets. The third regime is characterized by uniform emission
along the wire and a marked dip in the polarization at around the electronic band gap at 3.3 eV. Lasing is observed only in the second regime

in which strong light-matter interaction prevails.

ZnO is one of the most attractive materials for optical
applications in the visible and the near UV range, ranging
from large-scale white-light illumination to miniaturized
lasers for the near UV.!~® Furthermore, the unique properties
of the semiconductor ZnO are of high interest in the field
where advanced optics meets the nanoarea. Because of strong
exciton transitions near the electronic band gap and an
electron—hole binding energy of 60 meV, the optical
properties are dominated by strong light-matter interaction,
involving exciton polaritons.®"® In macroscopic ZnO struc-
tures, light absorption and emission mediated by exciton-
polaritons has been investigated in much detail.**! It was
observed that exciton—photon coupling expressed as the
longitudinal-transverse energy splitting is considerable stron-
ger than in other II—VT or III—V semiconductors.'" In ZnO
nanostructures, exciton—photon coupling can even be con-
siderably enhanced due to photon confinement.® For instance,
in single ZnO nanowires a very large splitting of about 100
meV was observed between the upper and lower polariton
branch.!* Furthermore, the emission spectrum is characterized
by marked Fabry-Pérot modes far below the band gap of
ZnO (3.3 eV at room temperature) originating from strong
exciton—photon coupling, not defects.'*

Notwithstanding the strong interest of ZnO nanowires for
nanophotonics and quantum optics, the microscopic (crystal-
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lographic) origin of the luminescence and lasing in the wire
geometry has not been discussed so far. Wurtzite ZnO has
a complex valence band structure resulting in A, B, and C
exciton transitions with well-defined transition dipoles with
respect to the polar c-axis;'” the A and B excitons have a
preferential orientation perpendicular to the c-axis. The ZnO
wires studied here are grown at high temperature (920 °C)
and are chemically pure and highly crystalline. Such wires
should be free of strain and hence represent a nearly ideal
wurtzite lattice with the polar c-axis along the long axis of
the wire. The diameter of the wires is above 100 nm implying
that the optical properties are determined by an interplay of
the crystalline structure with a complex electromagnetic
mode structure.!>!¢ In contrast to elongated semiconductor
nanorods,'”'® that are much smaller and hence have polariza-
tion properties that are entirely explained by electrostatic
arguments for the polarizability of anisotropic scatterers, ZnO
nanowires support several waveguide modes. Each of these
modes has a complex polarized spatial mode structure across
the wire. It is an intriguing question how the exciton
transition dipoles with their specific orientation relative to
the nanowire axis are coupled to the polarized electromag-
netic waveguide modes of the ZnO nanowires. Understanding
the polarization and microscopic origin of the different
emission regimes of ZnO nanowires is furthermore of crucial
importance for integration of ZnO nanowires as subwave-
length waveguides and sources in nanophotonic circuits.
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Figure 1. Set up and nomenclature for polarized luminescence
measurements from a ZnO nanowire lying on a silica substrate.
(a) Scheme of the luminescence microscope with a UV transparent
objective with numerical aperture of 0.92 and collection angle of
about 135°. A linear polarizer is placed between infinity corrected
objective and tube lens. (b) Scheme of the emission modes using
the conventional nomenclature, i.e. o (k//c, ELc), m (kLc, E//c),
and o-emission (klc, ELc). The relation between the degree of
polarization observed at the polarizer behind the objective and the
polarization of emission at the sample is summarized in Table 1.

Here, we present a polarization study of luminescence and
lasing from single ZnO nanowires with diameters >100 nm
over the entire spectral region covering the visible and the
near UV. This study combined with earlier results of spatially
resolved emission shows that there are three distinct emission
regimes. Besides the defect luminescence polarized along
the wire (E//c), there is a second regime below the band
gap, in which the emission occurs at the wire-ends only. The
perpendicular polarization (E_Lc) reflects strong coupling of
mainly B-excitons with waveguide modes with k//c that are
trapped between the wire end facets. This observation is
consistent with a fully vectorial solution to Maxwell’s
equations that shows two linear transversely polarized
fundamental waveguide modes. The flattened dispersion of
these modes indicates the existence of two transverse exciton-
polariton modes due to hybridization of the waveguide modes
with the B-excitons. A marked dip of the polarization at
around the electronic band gap at 3.3 eV indicates a third
regime without guided modes. Most importantly, lasing is
observed in the exciton-polariton regime only.

ZnO wires were grown epitaxially on a sapphire substrate
using a vapor—liquid—solid method at high temperature (960
°C) with gold droplets as a catalyst.!>!* Alternatively, wires
were grown at higher Zn vapor pressure without using a
catalyst. The wires are single crystalline, the ¢ axis being
the long axis, and the sides were faceted; the length of the
wires was between 2 and 20 um, the diameter between 100
and 600 nm. After growth, the wires were transferred to a

silica substrate by simple rubbing, in order to perform single-
wire optical studies.

We have studied the polarization of the emitted light in
the entire visible and near UV region with a luminescence
microscope (Zeiss, Axioplan 2) using an objective (Zeiss,
EC Epiplan-Neofluor 100x) and tube lens that are transparent
for visible and near UV light. The luminescence microscope
and the geometry of emission from a ZnO nanowire lying
on a silica substrate are presented in Figure 1 in which we
have employed the nomenclature that is conventionally used
for macroscopic ZnO crystals.!® Single wires are uniformly
excited through the microscope with a pulsed Nd: YLF laser
at 349 nm (10 ns pulse length, 1.6 kHz repetition rate). The
objective collecting the emitted light has a high numerical
aperture of 0.92. The resulting large collection angle of 135°
means that also a part of the light emitted with the wave
vector nearly parallel to the c- axis (i.e., o-emission, see
Figure 1b) can be collected. A detailed analysis of the
collection of the polarization of the emitted light using a
rotary linear polarizer placed in the parallel beam behind
the objective is discussed in Supporting Information. In Table
1, we present the main conclusions of this analysis, which
takes into account how polarization is transformed by
refraction in the microscope objective. It is found that for
emission modes with wave vector perpendicular to the wires
long axis, that is, emission close to the optical axis of the
microscope, both the E//c and E_Lc polarizations are retained
behind the objective; this means that the ¢ and 7 polarization
can be faithfully detected. More surprising are the results
for light emitted almost along the long axis (k//c) of the wire,
which enters the objective very far from the optical axis. It
is clear a priori that this light (o-polarization) is polarized
perpendicular to the wire, due to transversality of electro-
magnetic waves. However, the a-emission can still have any
arbitrary polarization around the wire axis. Our analysis
shows that isotropic polarization of emission around the wire
axis translates into an isotropic detected polarization. Hence,
any observed degree of polarization corresponds to a
preferential polarization of the emission relative to the silica
substrate. More explicitly, the a-emission polarized perpen-
dicular to the wire and along the substrate is faithfully
detected with the polarizer aligned perpendicular to the wire.
In contrast, o-emission polarized perpendicular to both the
wire and the substrate contributes to the collected signal with
the polarizer parallel to the wire. Hence the overall intensity
of the collected light with the polarizer aligned parallel to
the wire is composed of a faithful E//c emission at small
emission angles (k.Lc and E//c) and a “false” component
originating from large emission angles (k//c, Elc). We
conclude that the degree of detected polarization defined here
as p(hv) = [(Ipre — Ipye)/Uprc + Ipyc)]l Upie, Ipye collected

Table 1. Conversion Characteristics for Polarized, Directed Emission from a ZnO Nanowire Lying on a Flat Surface As
Detected with a Luminescence Microscope As Sketched in Figure 1 with a Polarizer Behind the Objective

k-vector vs long axis (c¢) polarization name detection by polarizer behind objective lens coupling with excitons
klc Elc o faithful A'B
klc E/lc g faithful C
k//c Elc, parallel to substrate o faithful A'B
Elc, perpendicular to substrate o detected as parallel polarization A'B
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Figure 2. Spectrum (black) and degree of polarization (red), p(hv)
= (Ip1e — Ipy)/(Ipy. + Ipy.), of the emission from a ZnO nanowire
(250 nm in diameter and 12 um in length), lying on a silica
substrate. The three emission regimes discussed in the text are
indicated with 1, 2, 3. In regime 1, light is emitted uniformly over
the entire wire and polarized parallel to the wire. In the second
regime, light is emitted at the wire ends only (see insert of spatial
emission of the wire) and polarized perpendicular to the wire axis,
in plane with the substrate. The marked dip in the polarization at
the bandgap indicates the third regime.

intensity with polarizer aligned perpendicular and parallel
to the wire, respectively) is a good measure of ¢ and &
polarization and furthermore quantifies the amount of in-
plane polarization within the o-emission. Of course, this
analysis is specific for wires lying flat on the silica substrate.
We have also performed reference measurements with wires
that stand up vertically and under an angle with the substrate.
For instance, in the vertical geometry the o-polarization
should consist of light emitted perpendicular to the substrate
plane with the E vector isotropically distributed in the plane
of the substrate and with wave vector pointing along the
optical axis of the microscope. Experimentally we indeed
retrieved isotropic emission in this case, consistent with our
analysis.

We have measured the emission spectrum and the degree
of polarization of tens of ZnO nanowires of varying diameter
(100—600 nm) and length (2—20 um) lying on a flat silica
substrate. Figure 2 shows a typical example; the emission
spectrum shows a broad defect luminescence between 1.75
and about 2.9 eV, and a second band with blue and near
UV luminescence below and at the band gap of ZnO (3.3
eV at room temperature). We remark that the ratio of the
defect and near UV emission intensities depends on the
excitation intensity; the latter completely dominates at
increasing intensity. The defect luminescence is strongly
polarized parallel to the wire axis, that is, E//c. Strikingly,
the polarization switches abruptly from mainly parallel (E//
¢) into mainly perpendicular to the wire’s long axis (E_Lc)
at around 2.9 eV; the perpendicular polarization parallel to
the substrate plane is retained up to a photon energy of about
3.22 eV. There is a marked dip in the degree of polarization
between 3.25 and 3.35 eV, indicative for another regime of
light emission. These three regimes of emission are observed
for all wires that we studied. The dip in the degree of
polarization in the third region varies from wire to wire, but
the minimum is often close to zero.
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Figure 3. Spectra (black) and degree of polarization (red) of the
emitted light from a single ZnO nanowire (170 nm in diameter, 5
um in length) in the region between 2.9 and 3.4 eV and the
corresponding dispersion relation. (a) Low excitation intensity. The
emission spectrum consists of a series of Fabry-Pérot luminescence
modes between 2.9 and 3.22 eV that are also observed in the degree
of polarization. (b) The Fabry-Pérot maxima plotted in the energy-
wave vector diagram and fitted with the classical polariton equation.
(c,d) As a,b but at higher excitation intensity. Some of the modes
develop into sharp lasing peaks, the dispersion relation remains
strongly curved. The inset in ¢ shows the lasing nanowire with
typical interference pattern. (e) The exact dispersion relations for
fundamental and higher order modes together with the classical
dispersion relation e(w)w?c* = k> + 2 a%d> (black curve) where
&(w) contains the A, B, C excitons, and where d is the wire diameter.
Dashed lines: light lines in air and glass. Color curves: exact
dispersion (hexagonal side of wire 86 nm) for the fundamental
modes (blue, red) and higher order modes (beyond 3.2 eV). (f)
Contour plots of |E,| (E-field along the substrate), [E,| (perpendicular
to the substrate) and |IE,| (along the wire) for the two fundamental
modes at 3.0 eV. Color scales for each mode are normalized to
max(IELIElIE,]).

We now correlate these results with those of a spatially
resolved luminescence spectroscopy reported in a previous
study.'* This study showed that emission in the first regime
(1.75—2.9 eV) was emitted uniformly over the length of the
wire, while in the second regime (2.9 — 3.22 eV) light is
emitted at the wire ends only (see insert of Figure 2). Since
k//c, and Elc, the emission that we detect in regime 2
corresponds to the a-emission in conventional nomenclature.
Note that the observed degree of polarization implies
emission preferentially polarized along the substrate. The
wire that we present in Figure 2 has a length of 12 um.
Shorter wires show pronounced Fabry-Pérot resonances in
their emission spectrum, that allow us to characterize the
second emission regime in more detail. Figure 3 shows
emission and polarization spectra of a wire of 5 um in length
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and 170 nm in diameter, uniformly excited with 349 nm light
with low and higher intensity. In addition to the Fabry-Pérot
peaks in the emission spectrum, the degree of polarization
also shows a series of Fabry-Pérot peaks. The resonances
observed in the degree of polarization correspond unambigu-
ously to the resonances observed in the emission spectrum.
The fact that the Fabry—Pérot modes are so clearly seen in
the degree of polarization versus energy plot points to an
unpolarized background emission occurring together with the
polarized polariton modes. Since, ideally the polariton modes
(with k//c and E perpendicular to c) have a Lorentzian
frequency spectrum of limited width (defined by the quality
factor of the nanowire cavity), the degree of polarization
peaks at each resonance energy, and decreases to reach a
minimum set by the background between two resonances.
A plot of these “polarization resonances” in the energy-wave
vector diagram shows strong curvature and deviation from
the light line, typical for strong exciton—photon coupling
(vide infra).

We first address the microscopic origin of the first and
second emission regime. We observed that the defect
emission (first regime) is strongly polarized with E//c. Given
that this emission has kL, it corresponds to sr-emission. This
points to a recombination process in which the C-type
valence band is involved; hence, a trapped electron should
recombine with a hole in the C-valence band (split-off band).
The mechanism agrees with previous results obtained with
ZnO quantum dots that proved, on account of quantum
confinement, that the defect luminescence is due to an
electron trapped in a localized state (very probably an oxygen
vacancy) recombining with a valence band hole.'® We remark
here that with a wire that is tilted with respect to the substrate
plane, the green emission shows Fabry-Pérot resonances that
are equidistant in energy (see Supporting Information, Figure
S2). These resonances retain the E//c polarization as opposed
to the E_Lc resonances in the second regime. This observation
points to coupling of the defect luminescence with longitu-
dinal components of the waveguide modes. From our finite
element analysis of Maxwell’s equations,?’ ZnO nanowires
of sufficient thickness can indeed sustain waveguide modes
with large longitudinal (E//c) field components. In addition,
even the fundamental modes already provide a longitudinal
component away from the center of the wire (Figure 3f).

With regard to the microscopic origin of the third regime,
roughly between 3.25 and 3.35 eV, we recall from Figure 2
that it is characterized by a sharp “dip” in the degree of
polarization, which can be interpreted as due to a lumines-
cence contribution with mainly E // ¢ polarization. The
previous observation that above 3.22 eV, emission occurs
abruptly over the entire wire (in contrast to below 3.22 eV)
shows that the emission is not exclusively due to modes
strongly confined between the wire ends. We note that there
are several possible origins of this contribution. As a first
possibility, mixed modes based on A and B excitons have
been put forward for the case of macroscopic ZnO. Our mode
analysis provides support for this mechanism, since we find
a plethora of higher order complex modes. These higher
modes are characterized by substantial E//c component near
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the outside of the wire, as well as by the fact that they are
only weakly confined (k near the light line). As an alternative
explanation, we note that the strong sr-polarization together
with the energetic position of the dip (blue shift by some
tens of millielectronvolts with respect to the resonances in
regime 2) provides an indication that the emission in the
third regime is most probably related to the C exciton. This
is in line with the interpretation of the strong resonance with
E//c polarization blue shifted with respect to the A and B
transitions observed for macroscopic ZnO crystals, which
has been attributed to the C exciton that has a strong
oscillator strength in the direction parallel to the c-axis (for
a review, see ref 1).

The emission between 2.9 and 3.22 eV is not classic in
any sense, since it consists of eigenmodes trapped between
the end-facets of the wire of energy considerably below the
electronic band gap. The ELc polarization that we observe
in this region, that is, o polarization,''° agrees with the
picture of delocalized exciton-polaritons; A and B excitons
with allowed transition dipoles that have E_Lc can maximally
couple with the two almost degenerate fundamental waveguide
modes of the wire, which have almost transverse linearly
polarized mode profiles (Figure 3f). We remark that we detect
a clear preference for polarization parallel to the substrate
plane. This is consistent with the observations in ref 4 and
the explanation therein that modes polarized perpendicular
to the SiO, substrate plane are preferentially outcoupled into
the substrate and hence missed in the collection* from the
air side. The longitudinal-transverse splitting of the A and
B excitons is 1.45 and 5 meV, respectively;' hence we must
conclude that the strong exciton—photon coupling that we
observe is mainly related to the B exciton. On the basis of
the Fabry-Pérot maxima in the polarization spectrum, which
are better resolved than the correlated maxima in emission
intensity, we have determined the E.k dispersion diagrams
(Figure 3b,d), which we can compare with the classical
exciton-polariton dispersion. The dispersion plot becomes
increasingly curved with increasing energy toward the B
exciton line and can be well fitted with the classic exciton-
polariton dispersion equation, under the condition that B
exciton—photon coupling is assumed to be 5 times stronger
than for bulk ZnO.

The classical exciton polariton dispersion equation is
derived under the simplified condition that the wire acts as
a guide of square cross section with perfectly conducting
boundaries, implying that the transverse mode profile has
one maximum across the width of the wire, and goes to zero
on the wire perimeter. In reality, the mode structure is more
complex, as the vectorial modes can extend outside the wire,
depending on the electromagnetic boundary conditions. We
have undertaken a fully vectorial finite element waveguide
dispersion calculation?® for the hexagonal wires, including
the silica substrate (Figure 3e). In this analysis, we assume
a wire with a hexagonal side (length 86 nm, leading to a
diameter of approximately 170 nm) lying on a flat glass
substrate (n = 1.5) and surrounded by air. The finite element
solver solves the wave equation for the transverse compo-
nents of the H-field (from which all other field components
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Downloaded by FOM INSTITUUT VOOR ATOOM EN on October 15, 2009 | http://pubs.acs.org
Publication Date (Web): September 14, 2009 | doi: 10.1021/nl9017012

Polarization Degree

T T
2.9 3.0 3.1 3.2 3.3

Photon Energy [eV]

Intensity [a.u.]

o

1.0 10°

Intensity [a.u.]

Polarization Degree

2.9 3.0 3.1 3.2 3.3

Photon Energy [eV]

Figure 4. Spectra (black) and polarization (red) of the emitted light from a single ZnO nanowire (600 nm in diameter, 6.7 um in length)
at low and high excitation intensity. (a) Low excitation intensity. The emission spectrum consists of a series of Fabry—Pérot luminescence
modes between 2.9 and 3.22 eV also reflected in the degree of polarization. (b) At higher excitation intensity, sharp laser peaks arise at
around 3.2 eV, the two laser peaks at the highest energy have E_Lc polarization, the third laser peak has a E//c polarization.

are calculated) on a grid with a grid spacing of 0.5 nm in
and near the wire. The grid coarsens toward the edge of the
simulation domain (34 away from the wire), where we
impose zero-field boundary conditions. The dielectric re-
sponse of the wire is described exactly as in the case of the
classical exciton-polariton dispersion relation (i.e., with
exciton—photon coupling for the B-exciton 5-fold enhanced
compared to bulk ZnO). The hexagonal wires support two
fundamental modes that start at the light line in glass at
around 2.2 eV. The dispersion curve is fully consistent with
the classical exciton-polariton dispersion in the energy range
above ~2.75 eV. The corresponding waveguide modes are
not strictly transverse electric (TE) or transverse magnetic
modes (TM), but are of hybrid nature, as in the case of
cylindrical waveguides. Mode profiles for the electric field
in Figure 3f demonstrate that these modes can effectively
be viewed as TE-like, since aside from a weak longitudinal
field component along the wire, these modes are dominantly
linearly polarized orthogonal to the wire. A slight splitting
between the modes is due to a perturbative effect of the
substrate and the orientation of the polarization relative to
the hexagonal cross section. We conclude that the full
dispersion relation for these almost transverse, linearly
polarized electric modes fit the experimental Fabry-Pérot
resonances very well, indicating that the resonances are due
to B-excitons hybridizing with the fundamental waveguide
modes to form almost transverse exciton-polaritons. It should
be remarked that besides the fundamental linearly polarized
modes, Maxwell’s equations lead also to several other modes,
often with a complex polarization, that have a cutoff at higher
energies of around 3.2 eV for this particular wire diameter.
The cutoff shifts to lower frequencies for thicker wires. It is
possible that these modes are not observed experimentally,
potentially because they cannot be sufficiently coupled to
the B exciton due to a mismatch with the transition dipole
moment and furthermore due to poor coupling into the
collection optics. A more detailed study, preferably with
access to the near-field, is required to resolve this issue.

At higher excitation intensities, one or several of the Fabry-
Pérot resonances corresponding to guided B-exciton polari-
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tons develop into sharp laser peaks at around 3.2 eV with a
pronounced degree of perpendicular polarization; see Figure
3c. Another example is shown in Figure 4 (discussed below).
We have studied the onset of lasing on 10 wires with
different diameters and lengths. Strikingly, the lasing peaks
always develop at around 3.2 eV, and were never observed
at the electronic band gap (3.3 eV). The dispersion curve of
the Fabry-Pérot modes (as determined from the polarization
resonances) at this excitation intensity remains strongly
curved, and fits the exciton-polariton dispersion curve (Figure
3d). This indicates that strong coupling between B excitons
and the linearly polarized transverse electric modes lies at
the origin of lasing. Hence, room-temperature lasing is
mediated by the fundamental exciton-polariton modes of the
wire.

In the case of ZnO nanowires with a larger diameter, laser
peaks with orthogonal polarization can coexist. Figure 4
presents emission and polarization spectra of a ZnO nanowire
with a diameter of 600 nm. As for thinner ZnO wires, laser
peaks again develop at around 3.2 eV. However, besides the
commonly observed E_lc polarization, one laser peak has
E//c polarization. In simple language, the lasing with E//c
can be assigned to higher order modes with higher azimuthal
quantum number (i.e., whispering gallery-like modes), which
are also evident in our waveguide mode analysis (results not
shown). For these thicker wires, our solutions to Maxwell’s
equations lead to a plethora of waveguide modes, often with
a complex polarization. The above result shows that at least
one of these modes can compete successfully for gain with
the commonly observed transverse electric modes.

In summary, we have measured the degree of polarization
of the light emitted from single ZnO nanowires. We have
observed three distinct polarization regimes that also cor-
respond to distinct modes of emission. In the intermediate
regime, below the electronic bandgap of ZnO, the degree of
polarization shows Fabry—Pérot type peaks with an enhanced
polarization perpendicular to the wires long axis. These
results show that there is a strong interaction between the
B-exciton and transverse, linearly polarized modes trapped
between the end facets of the wire, that is, strong
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exciton—photon coupling. At higher excitation intensity, one
or more of these exciton—polariton modes evolves into a
sharp laser peak.
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